Abstract. Aldehyde dehydrogenase isoform 1 (ALDH1) is a useful marker of cancer-initiating cells (CICs) in various organs. In this study, we investigated whether alterations in ALDH1 immunostaining and enzymatic activity in tumor cell populations predicted clinicopathological factors of prognostic importance for cancer progression and contributed to the characteristics of CICs in cisplatin-treated oral squamous cell cancer (OSCC) cells. We evaluated the association between the proportion of ALDH1-positive tumor cells and the clinicopathological features in 90 patients with OSCC. We also examined ALDH1 enzymatic activity, ABCG2 expression, invasive capacity and the ability to self-renew in OSCC cells treated with or without cisplatin. The clinicopathological results showed that elevated ALDH1 expression correlated with local recurrence. In in vitro experiments, the percentage of cells exhibiting ALDH1 enzymatic activity significantly increased among cisplatin-surviving cells (CiSCs) according to flow cytometry. Furthermore, CiSCs demonstrated upregulated expression of ABCG2, their invasive capacity increased, and their ability to generate cancer spheres was enhanced. An increased population of cells exhibiting ALDH1 immunostaining is a predictive marker of local recurrence. ALDH1 expression and activity contributes to the characteristics of CICs in OSCC.
Introduction
Most tumors consist of heterogeneous cell populations, with varying capacities for proliferation and tumor formation in immune-deficient mice, even when derived from a single clone. Recently, cancer stem cells, or cancer-initiating cells (CICs), were defined as a small population among tumor cells possessing the ability to self-renew and generate heterogeneous lineages that comprise the tumor (1, 2) . Numerous investigations have demonstrated that CICs exist in a variety of human tumors, including hematopoietic malignancies, brain tumors, breast cancer, gastroenterological cancer and head and neck cancer (3) (4) (5) (6) (7) .
Oral squamous cell carcinoma (OSCC) is the most common malignancy of the maxillofacial region, accounting for nearly 3% of all cancer cases worldwide (8) . Advances in therapy have improved quality of life, but survival rates have remained unchanged over the past decades. Mortality caused by OSCC remains high because of the development of distant metastases and the emergence of local and systemic recurrences resistant to chemo-and radiotherapy. Local recurrence is a particularly powerful prognostic indicators following curative resection, because OSCC recurs with a frequency of 25-48% (9) . It is therefore essential to gain a deeper understanding of the biology of this disease to develop more effective therapeutic approaches.
The aldehyde dehydrogenases (ALDH) are a family of ubiquitous enzymes that catalyze the irreversible oxidation of aldehydes to their corresponding carboxylic acids (10) . Among the 17 ALDH isoforms, aldehyde dehydrogenases 1 (ALDH1) oxidizes retinol to retinoic acid in the early stages of stem cell differentiation and exhibits a high level of activity in hematopoietic and neural stem cells (11, 12) . Growing evidence suggests that elevated ALDH1 activity can define cancer stem cell populations in many cancer types, including human multiple myeloma, acute myeloid leukemia and cancers of the brain, lung, pancreas and breast (11, (13) (14) (15) . Therefore, ALDH1 activity could act as a common marker for both normal and malignant stem cell populations (16) . Furthermore, recent studies have demonstrated that ALDH1 expression is a predictor of poor clinical outcome in several types of malignant tumors (11, (17) (18) (19) .
We hypothesized that the level of ALDH1 enzymatic activity and expression correlates with the biologic characteristics of OSCC, including clinicopathological significance and antitumor drug resistance. We aimed to investigate whether alterations in the population of tumor cells exhibiting ALDH1 immunostaining predicted clinicopathological features of prognostic importance for cancer progression and whether (18) . Patients with <5% ALDH1-positive cells were given a score of 0; those with 5-20% were given a score of 1; those with 20-50% were given a score of 2; and those with >50% were given a score of 3. For statistical analysis, we divided patients into two groups: low expression (with scores of 0 or 1) and high expression (with scores of 2 or 3). Cell proliferation assay. HSC-3 cells were seeded in 96-well plates with 100 µl medium at a density of 1x10 4 and incubated at 37˚C overnight to allow the adherent cells to attach to the wells. The cultured cells were then incubated with cisplatin (0.1-50 µM) for 72 h. Next, 10 µl cell counting kit-8 solution (CCK-8; Dojindo Laboratories, Kumamoto, Japan) was added to each well and the cultured cells were incubated at 37˚C for 4 h. Optical density was measured at 480 nm.
Immunocytochemistry. Cells were harvested from cell lines, resuspended in medium, and cultured on coverslips for 48 h. HSC-3 cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) and permeabilized by incubation with 0.2% Triton X-100 in PBS for 15 min. Anti-mouse immunoglobulin G conjugated with Alexa Fluor ® 488 (1:200; Molecular Probes, Eugene, OR, USA) was over- Aldefluor™ assay. ALDH1 enzymatic activity was detected using the Aldefluor™ kit (Stem Cell Technologies Inc., Vancouver, Canada), according to the manufacturer's instructions. In brief, cells (1x10 6 cells/ml) were harvested from PTCs and CiSCs cell lines and resuspended in Aldefluor assay buffer containing ALDH1 substrate and borondipyrromethene (BODIPY)-aminoacetaldehyde (BAAA) and incubated for 40 min at 37˚C. BAAA taken up by living HSC-3 cells was converted by intracellular ALDH1 into BODIPY-aminoacetate, causing the cells to bright fluorescence. As a negative control, cells were stained under identical conditions with a specific ALDH inhibitor, 4-diethylaminobenzaldehyde (DEAB). Fluorescent ALDH1-positive cells were detected in the green fluorescent channel of a fluorescent microscope or FACSCalibur™ flow cytometer (BD Biosciences). For fluorescent microscopic observation, cell nuclei were stained with DAPI.
Western blot analysis. Total protein was extracted from PTCs and CiSCs using ice-cold cell lysis buffer (20 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM ethylenediaminetetraacetic acid (EDTA); 1 mM Na 2 EDTA; 1 mM ethylene glycol tetraacetic acid; 1% (v/v) Triton X-100; 2.5 mM sodium pyrophosphate; 1 mM β-glycerophosphate; 1 mM Na 3 VO 4 ; and 1 µg/ml leupeptin and phenylmethyl sulfonyl fluoride). Equal amounts of protein (20 µg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 12% separating gel). After electrophoresis, proteins were transferred to polyvinylidene dif luoride membranes (Bio-Rad Laboratories, Tokyo, Japan). The blots were blocked in 1% casein in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) for 1 h at room temperature and then incubated with primary antibodies overnight at 4˚C. Primary antibodies against ALDH1 (described earlier), ABCG2 (Sigma-Aldrich), and β-actin (Sigma-Aldrich) were used. Membranes were washed in TBS-T and incubated with secondary horseradish peroxidase-labeled antibodies for 1 h at room temperature. Bound antibody complexes were detected by enhanced chemiluminescence (Bio-Rad Laboratories).
Matrigel™ invasion assay.
Tumor cell invasion into Matrigel™ was examined using BioCoat™ Matrigel invasion chambers (BD Biosciences) according to the manufacturer's protocol. In brief, PTCs or CiSCs were seeded in DMEM without FBS in the upper chamber and cultured for 24 h. The lower chamber contained DMEM and 10% FBS. Invading cells were stained using a Diff-Quik Staining kit (Siemens, Munich, Germany). The number of invading cells was counted in four microscopic fields per well at a x20 magnification and the extent of invasion was expressed as the average number of cells per square millimeter.
Cancer sphere formation assay. Single CiSC and PTC cells were plated at 1x10 3 cells/100 µl on a low-cell binding culture plate (96-well; Thermo Fisher Scientific, Tokyo, Japan) in serum-free DMEM/F12 supplemented with B27 (Life Technologies, Tokyo, Japan), 20 ng/ml epidermal growth factor (BD Biosciences), 0.4% bovine serum albumin (Sigma-Aldrich) and 4 µg/ml insulin (Sigma-Aldrich). Sphere formation was assessed 24 h after seeding the cells and the size of the sphere was analyzed.
Statistical analysis. Statistical analyses were performed using StatView software (SAS Institute Inc., Cary, NC, USA). The χ 2 and Fisher's exact probability tests were used to analyze the correlation between ALDH1 expression and clinicopathological factors in OSCC. Statistical analyses of invasion and cancer sphere formation assays were performed with the two-tailed Student's t-test. Data are presented as the mean ± standard error and p-value <0.05 was considered statistically significant.
Results

ALDH1 expression and localization in tissue sections obtained from patients with OSCC.
Normal-like oral mucosa showed no staining for anti-ALDH1 antibody (Fig. 1A) . In tissue sections from patients with OSCC, diffuse, moderate-intensity cytoplasmic staining for anti-ALDH1 antibody was observed in a proportion of the tumor cells. ALDH1 expression in epithelial cancer cells was scored and subjected to statistical analysis. The percentage of positive cancer cells varied from <5% to >50% in the population studied (Fig. 1B and C) .
ALDH1 expression correlates with recurrence in patients with OSCC. Results of immunostaining for ALDH1 in OSCC specimens organized according to the clinicopathological characteristics of patients are shown in Table II . No ALDH1 was expressed (score, 0) in 7 patients (7.8%); 1-5% of cells expressed ALDH1 in 20 patients (22.8%; score, 0); 6-20% of cells expressed ALDH1 in 16 patients (17.8%; score, 1); 21-50% of cells expressed ALDH1 in 37 patients (41.1%; score, 2); and >50% of cells expressed ALDH1 in 10 patients (11.1%; score, 3) . No correlation existed between a high level of expression of ALDH1 (>20% of cells) and age (p=0.464), gender (p=0.876), tumor location (p=0.392), tumor size (p= 0.239), T classification (p= 0.574), nodal status (p= 0.577) or pTNM score (p=0.694). Conversely, a positive correlation existed between a high level of expression of ALDH1 (>20% of cells) and local recurrence (p=0.006).
ALDH1 expression in an OSCC cell line. Overexpression of ALDH1 has been reported in some cancers (13, 17, 20) . We undertook immunocytochemical and enzyme-histochemical detection of ALDH1 in the OSCC cell line HSC-3. During immunocytochemical analysis, a few HSC-3 cells were stained with anti-ALDH1 antibody ( Fig. 2A) . Similarly, in the enzyme-histochemical analysis, ALDH1 enzymatic activity was detected in a small population of HSC-3 cells using fluorescence microscopy (Fig. 2B) . Consistent with this finding, we identified 0.62% of HSC-3 cells exhibiting ALDH1 enzymatic activity using the flow cytometry (Fig. 2C) .
Effects of cisplatin on ALDH1 activity and expression in HSC-3 cells.
As cisplatin is commonly used to treat malignant tumors, we examined the effect of ALDH1 on the resistance of HSC-3 cells to cisplatin. The effect of cisplatin on HSC-3 cell proliferation was then examined using the CCK-8 assay. As shown in Fig. 3A , treatment of HSC-3 cells with 0.1 or 1 µM cisplatin for 72 h did not affect cell proliferation, whereas treatment with >5 µM caused a decrease in cell proliferation. This suggests that cisplatin decreases cell proliferation in a dose-dependent manner (Fig. 3A) . Because treatment with 10 µM cisplatin yielded a decrease in cell proliferation of approximately 50%, we used 10 µM cisplatin for 72 h in HSC-3-derived CiSCs for further experiments. The percentage of HSC-3 cells exhibiting ALDH1 enzymatic activity was examined by flow cytometry to determine the effect of cisplatin treatment. A higher percentage of cells exhibiting ALDH1 activity was found among CiSCs (14.8%) compared with cells treated with 1 µM (1.81%) or 5 µM (7.70%) cisplatin (Fig. 3B) . The percentage of ALDH1 activity in CiSCs was 24-fold higher than that in PTCs, indicating that a population of CiSCs shifts to become ALDH1-rich. We next examined protein expression of ALDH1 and ABCG2, an ATF-binding cassette (ABC) transporter (21) , in CiSCs and PTCs using western blot analysis. As shown in Fig. 3C , both ALDH1 and ABCG2 accumulation was markedly increased in CiSCs. In contrast, expression of both proteins was negative or low in PTCs. These results suggest that an ALDH1-rich population of CiSCs retains a certain amount of both ALDH1 and ABCG2 proteins.
Invasive ability of CiSCs. Flow cytometric analysis of CiSCs and PTCs revealed differences between populations of cells exhibiting ALDH1 enzymatic activity, suggesting potential differences in their characteristics. To test this hypothesis, we examined the invasive ability of CiSCs compared with that of PTCs using Matrigel invasion assay. The number of invading cells was higher among CiSCs (134±12.1) than PTCs (54±23.4) at 24 h, indicating that CiSCs possess enhanced invasive capability relative to PTCs (Fig. 4) .
Cancer sphere formation in CiSCs. The abilities to self-renew and generate differentiated progeny are fundamental properties of CICs. Cancer sphere generation is an in vitro assay of self-renewal potential (7) . We assessed the self-renewal properties of CiSCs by their ability to form tumor spheres when cultured in serum-free medium under non-adherent conditions. Both CiSCs and PTCs generated cancer spheres 24 h after cells were seeded. However, the size of the spheres No. of patients formed was greater for CiSCs than PTCs (Fig. 5) . The size of the sphere developed from PTCs matched that of the sphere developed from CiSCs after 4 days. These results indicate that the cancer spheres developed from CiSCs grew faster and were larger than those developed from PTCs.
Discussion
In solid malignancies, CICs or cancer stem cells, possess a defined population of cells that exhibit elevated ALDH1 activity and resistance to antitumor drugs and radiotherapy (13, 20, (22) (23) (24) (25) . We present clinicopathological and cellular experimental evidence supporting the theory that increased ALDH1 immunostaining and enzymatic activity contributes to the characteristics of CICs in OSCC. First, an immunohistochemical approach using clinical specimens confirmed that increased expression of ALDH1 is associated with local recurrence. Second, in vitro cellular experiments indicated that CiSCs, among which an increased population exhibit elevated ALDH1 activity, represent refractory characteristics of CICs, such as ABCG2 expression, invasive capabilities and the ability to self-renew.
Our clinicopathological results showed that a high level of ALDH1 expression correlated with local recurrence. This finding is supported by the observation that a high percentage of ALDH1-expressing cells in most types of epithelial tumors, including breast, lung, pancreas, bladder, ovarian and prostate tumors, is associated with poor outcome (13, (22) (23) (24) (25) . In this study, no association was found between ALDH1 expression and prognostic factors in OSCC other than local recurrence, although elevated ALDH1 expression is significantly more frequent in tumors than in normal oral mucosa. This finding could be explained by the small patient cohort in this study: >95% of cancer cells were ALDH1-expressing and prognostic significance was demonstrated in a cohort comprising >400 patients with other epithelial cancers (17, 18) . However, ALDH1 may present a useful marker for the prediction of local recurrence of OSCC because this tumor exhibits a high incidence of local recurrence (9) .
In clinical specimens of OSCC, ALDH1-high group showed a diffuse staining pattern in cancer nests. This seems incompatible with the concept that CICs comprise a small population of cancer cells with multiple differentiation and long-term repopulation capabilities. In some studies, CIC markers were expressed in clinical samples of most tumor cells, e.g., breast and endometrioid cancers (11, 17) . Tumor characteristics may become more aggressive, when most tumor cells possess CIC characteristics. Alternatively, ALDH1 may be a marker of undifferentiated cancer cells rather than CICs.
Using flow cytometry, we identified that the percentage of cells exhibiting ALDH1 enzymatic activity significantly increased among CiSCs. In cellular experiments, the presence of an increased population of cells exhibiting ALDH1 activity appears to contribute to the refractory characteristics of CICs. By western blot analysis, we showed that ABCG2 expression is upregulated in CiSCs compared with PTCs. These findings are supported by previous reports (20, 26) . ABCG2 is a member of the ABC-transporter superfamily and is known to contribute to multidrug resistance to cancer chemotherapy (27) . Elevated expression of ABC transport proteins in stem cells compared with non-stem cells confers a relative resistance to the toxic effects of chemotherapy drugs (28, 29) . Therefore, our results suggest that increased ABCG2 expression in CiSCs may be responsible for drug efflux, conferring resistance to cisplatin. In a Matrigel invasion assay, CiSCs exhibited a significantly increased invasive capacity compared to that of PTCs over a short time period (24 h). These results support the idea that the ability to initiate and drive primary tumor growth, invasion and metastasis is central to the definition of CICs. Self-renewal and the ability to generate differentiated progenitors are considered fundamental properties of CICs (7, 30) . We found that CiSCs, in contrast to PTCs, have an enhanced ability to generate cancer spheres under selective culture conditions, indicating their increased potential for self-renewal. Both in vivo and in vitro results in this study suggest that ALDH1 could represent an effective therapeutic target for CICs in OSCC. Future studies on ALDH1 regulation may yield novel therapeutic modalities for OSCC.
In this study, we demonstrated that an increased population of cells exhibiting ALDH1 expression and enzymatic activity contributed to the characteristics of CICs in OSCC. A high level of expression of ALDH1 was associated with local recurrence in a study of tissue sections from patients with OSCC. An increased population of cells exhibiting ALDH1 activity appeared to participate in antitumor drug efflux, invasive capacity, and the potential for self-renewal. Our findings suggest the possibility of a novel therapeutic tool against OSCC that targets CICs.
